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We theoretically and experimentally demonstrate coherence phenomena in optical parametric 
amplification inside a cavity. The mode splitting in transmission spectra of phase-sensitive optical 
parametric amplifier is observed. Especially, we show a very narrow dip and peak, which are the 
shape of 5 function, appear in the transmission profile. The origin of the coherence phenomenon in 
this system is the interference between the harmonic pump field and the subharmonic seed field in 
cooperation with dissipation of the cavity. 



Introduction. — Coherence and interference effects 
play very important roles in determining the optical 
properties of quantum systems. Electromagnetically in- 
duced transparency (EIT) in quantum-mechanical 
atomic systems is a well understood and thoroughly stud- 
ied subject. EIT has been utilized in a variety of applica- 
tions, such as lasing without inversion slow and stored 
light 0, 01 , enhanced nonlinear optics |3 , and quantum 
computation and communication [£j . Relying on destruc- 
tive quantum interference, EIT is a phenomenon where 
the absorption of a probe laser field resonant with an 
atomic transition is reduced or even eliminated by the 
application of a strongly driving laser to an adjacent tran- 
sition. Since EIT results from destructive quantum in- 
terference, it has been recently recognized that similar 
coherence and interference effects also occur in classical 
systems, such as plasma 0, coupled optical rsonatorslsj, 
mechanical or electric oscillators |^. In particular, the 
phenomenology of the EIT and dynamic Stark effect is 
studied theoretically in a dissipative system composed by 
two coupled oscillators under linear and parametric am- 
plification using quantum optics model in Ref. 10]. The 
classical analog of EIT is not only helpful to understand 
deeply the physical meaning of EIT phenomenon, but 
also offers a number of itself important applications, such 
as slow and stored light by coupled optical resonators [llj. 

In this Letter, we extend the model in Ref. and 
present a new system - phase-sensitive optical parametric 
amplifier (OPA) to demonstrate coherence effects theo- 
retically and experimentally. We observe mode splitting 
in transmission spectra of OPA. Especially, we show a 
very narrow dip and peak, which are the shape of 5 
function, appear in the transmission profile. This phe- 
nomenon results from the interference between the har- 
monic pump field and the subharmonic seed field in OPA. 
The destructive and constructive interference correspond 
to optical parametric deamplifier and amplifier respec- 
tively, which are in cooperation with dissipation of the 
cavity. The absorptive and dispersive response of an op- 
tical cavity for the probe field is changed by optical para- 
metric interaction in the cavity. Phase-sensitive optical 
parametric amplifier presents a number of new charac- 



teristics of coherence effects. 

Theoretical model. — Consider the interaction of two 
optical fields of frequencies oj and 2w, denoted by subhar- 
monic and harmonic wave (the pump) , which are coupled 
by a second-order, type-I nonlinear crystal in a optical 
cavity as shown in Fig.l. The cavity is assumed to be a 
standing wave cavity, and only resonant for the subhar- 
monic field with dual-port of transmission Thr and Tc, 
internal losses A and length L (roundtrip time r = 2L/c). 
We consider both the subharmonic seed beam a™ and 
harmonic pump beam /S'" are injected into the back port 
{Thr mirror) of the cavity, where the relative phase be- 
tween the injected field is adjusted by a movable mir- 
ror outside the cavity. Thr mirror is a high refiectivity 
mirror at the subharmonic wavelength, yet has a high 
transmission coefficient at the harmonic wavelength and 
Tc mirror has a high reflectivity coefficient for the har- 
monic wave. The harmonic wave makes a double pass 
through the nonlinear medium. The equation of motion 
for the mean value of the subharmonic intra-cavity field 
can then be derived by the semiclassical method as 

r^ = -irAa-7aH-5/3'"a* + V27^a™- (1) 

The decay rate for internal losses is 7; — A/2 and the 
damping associated with coupling mirror and back mir- 
ror is 7c — Tc/2 and 7i„ = Thr/2, respectively. The total 
damping is denoted by 7 = 7m+7c+7;- A is the detuning 
between the cavity-resonance frequency ujc and the sub- 
harmonic field frequency uj. The strength of the interac- 
tion is characterized by the nonlinear coupling parameter 
g. Eq^is complemented with the boundary conditions 
a°"* = \/2rfca and a^^^ = —a™ -I- ^/2?)i^a to create prop- 
agating beams, where a°"* is the transmitted field from 
the coupling mirror Tc and a^'^f is the reflected field from 
the back mirror Thr. The phase-sensitive optical para- 
metric amplifier always operates below the threshold of 
optical parametric oscillation (OPO) /SJJJ = 7/g. Eq^ig- 
nores the third-order term^^ describing the conversion 
losses due to harmonic generation. For simplicity, we 
assume that the phase of the pump field is zero in any 
case, i.e, (3™ is real and positive value. The intra-cavity 
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field a and the injected field a*" are expressed as a = 
Q;exp(— 10) and a™ = Ai„exp(— respectively. Here, 
a and are real values, (/> and are the relative phase 
between the intra-cavity field and the pump field as well 
as between the seed field and the pump field, respectively. 
If the harmonic pump is turned ofi', the throughput for 
the non-impedance matched subharmonic seed beam is 
given by aZ\ump = 2y/^f7n^A^n/il + iTA). The subhar- 
monic seed beam is subjected to either amplification or 
de-amplification, depending on the chosen relative phase 
between the subharmonic field and the pump field. 

C'asel : Consider the transmitted intensity of the sub- 
harmonic seed beam as a function of the detuning A be- 
tween the subharmonic field frequency and the cavity- 
resonance frequency, and keep the pump field of fre- 
quency ujp = 2uj constant. Setting the derivative to zero 
{da/dt = 0) and separating the real and image part of 
Eq^ the steady state solutions of the amplitude and rel- 
ative phase of the intra-cavity field are given by 



--/a + gP"'a cos 20 -I- ^/2^A,n cos {(/) - ip) = 0,(2) 
-r Aa -I- sin 2(f> + y^2j~ Ai^ sin {(f> - if) = 0. 

When the amplitude and relative phase of the subhar- 
monic seed beam are given, the transmitted intensity of 
the subharmonic beam is obtained from Eq|21 and the 
boundary condition. Fig. 2(a) shows a Lorentzian profile 
of the subharmonic transmission when the pump field is 
absent. This corresponds to the typical transmitted spec- 
trum of the optic al empty cavity. When the injected sub- 
harmonic field is out of phase {ip = 7r/2) with the pump 
field, the subharmonic transmission profile is shown in 
Fig.2(b,c,d) for different pump powers, in which there is 
a symmetric mode splitting. The transmitted power of 
the subharmonic beam is normalized to the power in the 
absence of the pump and zero detuning. The transmis- 
sion spectra show that the dip becomes deeper and two 
peaks higher as the pump intensity increases. The ori- 
gin of mode splitting in transmission spectra of OPA is 
destructive interference in cooperation with dissipation 
of the cavity. If the subharmonic field resonates in the 
cavity perfectly, i.e. A = 0, the subharmonic intra-cavity 
field and the pump filed are exactly out of phase and will 
interfere destructively to produce the deamplification for 
the subharmonic field in the nonlinear crystal. Thus a dip 
appears at the zero detuning of the transmission profile. 
If the subharmonic field is not quite resonant in the cav- 
ity perfectly, that is, the subharmonic field's frequency is 
not exactly an integer multiple of the free spectral range 
(but close enough to build up a standing wave) , the phase 
difference between the subharmonic intra-cavity field and 
the pump field will not be exactly out of phase and will in- 
crease as the detuning increases. The subharmonic intra- 
cavity field will change from deamplification to amplifi- 
cation as the phase difference increases. Thus we see that 
the transmission profile has two symmetric peaks at two 



detuning frequencies. When the phase of the injected 
subharmonic field is deviated from out of phase with the 
pump field, i.e. ip = t:/2 ± 0, an asymmetric mode split- 
ting in the subharmonic transmission profile is illustrated 
in Fig.2(e,f), in which the dip is deviated from the zero 
detuning of the transmission profile and two peaks have 
different amplitude. 

C'ase2 : Consider the subharmonic transmission pro- 
files when the frequency of the pump field is fixed at 
u!p = 2{u!c + O). When scanning the frequency of the the 
subharmonic seed beam, an idler field in the OPA cavity 
will be generated with the frequency uii — ojp — ui due 
to energy conservation. The equation of motion of OPA 
become frequency-nondegenerate and is given by 



= -iTAa-7a + 5/3"X* + y2^a™, (3) 



dt 

where is the idler field in the OPA cavity. A^ is 
the detuning between the cavity-resonance frequency oj^ 
and the idler field frequency oji. Thus the subharmonic 
transmission profile in this case is obtained from Eq|2|for 
ijj 7^ LOi and Eq^for uj = LUi. When il = 0, so A = — A^, 
the stationary solution of the subharmonic and idle field 
is given by solving the mean-field equations of Eq|3| and 
using the input-output formalisms. We obtain 



J^out 



2^/l7fv. 



ir A -f 7 



ir A+7 



-A' 



(4) 



(-irA-f 7) - (5/3™)2 



We will record the total output power including the sub- 
harmonic and idle field. The transmitted power of the 
subharmonic beam is given by 
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if UJ ^ uji 
if UJ = ujj . 



(5) 

Here, ± corresponds to the deamplifier and amplifier in 
frequency-degenerate OPA. Fig. 3(a) and (b) show that 
the very narrow dip and peak, which is the shape of 5 
function, appear in the transmission profile. This novel 
coherence phenomena results in that the destructive and 
constructive interference are established only in the point 
of = uji , and completely destroyed in the other frequen- 
cies. 

Experiment. — The experimental setup is 
shown schematically in Fig. 4. A diode-pumped in- 
tracavity frequency-doubled continuous- wave (cw) ring 
Nd:YV04/KTP single-frequency green laser severs as the 
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light sources of the pump wave (the second-harmonic 
wave at 532 nm) and the seed wave (the fundamental 
wave at 1064 nm) for OPA. The green beam doubly 
passes the acousto-optic modulator (AOM) to shift the 
frequency 440 MHz. The infrared beam doubly passes 
AOM to shift the frequency around 220 MHz. We ac- 
tively control the relative phase between the subharmonic 
and the pump field by adjusting the phase of the subhar- 
monic beam with a mirror mounted upon a piezoelectric 
transducer (PZT). Both beams arc combined together 
by a dichroic mirror and injected into the OPA cavity. 
OPA consists of periodically poled KTiOP04 (PPKTP) 
crystal (12 mm long) and two external mirrors separated 
by 63 mm. Both end faces of crystal are polished and 
coated with an antireflector for both wavelengths. The 
crystal is mounted in a copper block, whose tempera- 
ture was actively controlled at millidegrees kelvin level 
around the temperature for optical parametric process 
(31.3°C). The input coupler Ml is a 30 mm radius-of- 
curvature mirror with a power reflectivity 99.8% for 1064 
nm in the concave and a total transmissivity 70% for 532 
nm, which is mounted upon a PZT to adjust the cavity 
length. The output wave is extracted from M2, which is 
a 30 — mm radius-of-curvature mirror with a total trans- 
missivity 3.3% for 1064 nm and a reflectivity 99% for 
532 nm in the concave. Due to the large transmission of 
input coupler at 532 nm, the pump field can be thought 
as only passes the cavity twice without resonation. The 
measured cavity finesse was 148 with the PPKTP crys- 
tal, which indicates the total cavity loss of 4.24%. Due to 
the high nonlinear coefficient of PPKTP, the measured 
threshold power is only 35 mW. 

First, we fix the frequency of the subharmonic and 
the pump field with Up = 2lu and scan cavity length, 
which corresponds to the condition of case 1. Figure 5 
shows the experimental results: (a) without the pump 
field, (b) ip = 7r/2 and /3"//3tt = 0-33, (c) if = tt/2 and 
pin/pin ^ 0.71, (d) <p = n/2 and = 0.9, (e) 

ip = 'jt/2- 0.07 and /3'"/l3i^ = 0.9, (f) <^ = 7r/2 + 0.07 
and = 0.9. It can be seen that the experimental 

curves are in good agreement with the theoretical results 
shown in Fig. 2, which are obtained with the experimental 
parameters. 

Then, we fix the cavity length and frequency of the 
pump field and scan the frequency of the subharmonic 
field by the AOM, which corresponds to the condition of 
case 2. The output including the subharmonic and idle 
field is detected by a photodiode. There is a beat-note 
signal in the photocurrent with frequency proportional to 
the detuning. The very narrow dip and peak appeared 
in a broad Lorentzian profile are observed experimen- 
tally as shown in Fig. 6. The insets in Fig. 6 show the 
enlarged narrow dip and peak by reducing the scanned 
range of frequency, which present the square shape. Be- 
cause the measurement of transmission profile is dynamic 
processes, the shape of 6 function for the narrow dip and 



peak in the theoretical model becomes square shape in 
experiment. The width of the square shape is ~2KHz 
which is estimated from the voltage on VCO (Voltage- 
Controlled Oscillator) of AOM. 

Conclusion. — We reported the theoretical and ex- 
perimental results of coherence phenomena in the phase- 
sensitive optical parametric amplification inside a cavity. 
The splitting in transmission spectra of OPA was ob- 
served. Mode splitting, as well known, occurs not only 
in coupled quantum system, but also in coupled optical 
resonators and in coupled mechanical and electronic os- 
cillators. To the best of our knowledge, we first observed 
mode splitting experimentally in the optical parametric 
process. This system will be important for practically op- 
tical and photonic applications such as optical filters, de- 
lay lines, and closely relate to the coherent phenomenon 
of KIT predicted for quantum systems. OPA also has a 
important application as squeezed light source. Our re- 
sults may help us to investigate quantum noise spectrum. 
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Fig.l Schematic of optical parametric amplifier in 

standing-wave cavity. 

Fig. 2 The theoretical results for case 1, (a) without the 
pump field injection; (b) ip = tv/2 and P'^/PH = 0.33; (c) 
= ^/2 and r/Pll = 0.71; (d) ^ = i,/2 and ^ I Pll = 
0.9; (e) = 7r/2 - 0.07 and li'" / (ill = 0.9; (f) if = 



7r/2 + 0.07 and /3'"/At = 0.9. 

Fig. 3 The theoretical results for case 2, (a) ip — n/2 for 
deamplification; (b) (p = for amplification. 
Fig.4 Schematic of the experimental setup. DC: dichroic 
mirror; A/2, half-wave plate; T-C, temperature con- 
troller, HV-AMP, high voltage amplifier. 
Fig. 5 The experimental results for case 1 corresponding 
to Fig.2. 

Fig. 6 The experimental results for case 2 corresponding 
to Fig.3. 
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